PTEN hamartoma tumor syndrome (PHTS) presents in a spectrum that encompasses the eponymous disorders Cowden and Bannayan-Riley-Ruvalcaba. Herein, we delineate the distinctive histopathology of a predominantly intramuscular lesion in PHTS, often called "arteriovenous malformation," because of certain imaging and histopathologic features. Cases were identified by review of lesions resected from patients with PHTS registered at our Vascular Anomalies Center and of unusual intramuscular vascular anomalies in our pathology database from 1985 to 2008. Thirty-four patients with this lesion were identified: 20 had a clinical diagnosis of, or were suspected to have, PHTS (genetically confirmed in 16). In 4 patients without clinical manifestations of PHTS, 2 had PTEN mutations, 1 did not, and in 1 the mutation was intronic. In the remaining 10, there was insufficient clinical information to fully assess whether they had manifestations of PHTS. Lesions manifested by 15 years of age, normally with pain and swelling, and were most often located in the lower extremity. The major mass was usually intramuscular, but often there were fascial and subcutaneous components and not infrequently a cutaneous vascular stain. Magnetic resonance imaging generally showed an infiltrative soft tissue lesion involving the muscle, fascia, and subcutis with frequently enlarged, serpiginous vessels, small arteriovenous fistulae with disproportionately dilated draining veins, and a prominent adipocytic component. Some lesions involved contiguous muscles, and 20% were multifocal. Resected specimens ranged in size from 1.2 to 25 cm; in 1 patient, amputation was necessary. Histopathologically, these unencapsulated masses, often with a nodular appearance at scanning magnification, consisted of: (1) a variable admixture of mature adipocytic and dense and/or myxoid fibrous tissues (50% to 90% of surface area); (2) a vascular component (10% to 50% of surface area) with: (a) clusters of venous channels, some with excessively and irregularly muscularized complex walls and lumens, and others with thin walls resembling pulmonary alveoli, (b) tortuous, thick-walled arteries with concentric muscular hyperplasia and relatively small lumens, (c) numerous small vessels (arteries, veins, and indeterminate channels), and (d) occasional arteriovenous communications; (3) lymphoid follicles (50%); (4) foci of bone (20%); and (5) hypertrophic nerves with "onion bulb" proliferation of periaxonal spindled cells (9%). We designate this disorganized overgrowth of essentially mesenchymal elements as PTEN hamartoma of soft tissue. It differs from other vascular and connective tissue lesions that occur in patients with PHTS. PTEN hamartoma of soft tissue is histopathologically distinctive, and its identification should prompt a thorough investigation for PHTS.
MATERIALS AND METHODS
The cases were selected from a search of the Pathology departmental files of Children's Hospital Boston from 1985 to 2005 for specimens previously classified as unusual arteriovenous malformations, intramuscular angiolipomas, or vascular hamartomas and from a review of soft tissue lesions taken from patients with BRRS and CS registered at our Vascular Anomalies Center.
The medical records, imaging, pathology reports, and slides were reviewed. Diagnoses of BRRS or CS were made after clinical and/or genetic evaluations according to published criteria. 26, 52 More than half of these patients were tested for PTEN mutations, insertions, and deletions but not for germline epigenetic promoter methylation of KILLIN or succinate dehydrogenase mutations, which have been found in a subset of PTEN-negative CS patients. 4, 42 Routine hematoxylin and eosin-stained sections were available in all cases, and Miller elastic tissue and Masson trichrome stainings were performed in 11 and 10 cases, respectively.
As a pilot study, routine immunohistochemical staining for the lymphatic endothelial marker D2-40 was performed on 5 specimens using a streptavidin-biotinbased alkaline phosphatase detection kit (Signet Laboratories, Dedham, MA). Immunostaining for PTEN expression, using a murine monoclonal anti-PTEN antibody (Clone 6H2.1; Cascade Biosciences, Winchester, MA), was performed on paraffin-embedded sections of 5 lesions according to a previously described protocol 32 using normal proliferative endometrium as control, and the results were compared with 5 cases each of venous, lymphatic, and arteriovenous malformations. Two "lipomas" (see next paragraph) were immunostained with an HMGA2 antibody (HMGA2-P1-KLH) (Biocheck, Foster City, CA). Staining was performed in an automatic closed immunostainer (Ventana XT, Tucson, AZ).
As specimen photographs were available from only a few specimens, a "representative" slide from a specimen in every patient was selected for semiquantitative microscopic assessment of the relative amount of the vascular, adipocytic, fibrous, and myxoid stromal components present.
The histopathology of vascular lesions other than PHOST was also reviewed in the final selected cohort of patients. Five patients with PHOST also had lipomas diagnosed clinically or after resection; their histopathology was not available for review. The histopathology of 2 "lipomas" is presented from a patient recently diagnosed with BRRS.
RESULTS

Clinical Findings
Thirty-four patients with PHOST, the distinct lesion described herein, were identified ( Table 1 ). The lesions manifested by 15 years of age, usually with pain and swelling. The vast majority occurred in the lower extremity (mostly thigh and calf), followed by the upper extremity (mostly forearm and hand), trunk, and head and neck (Fig. 1) . The bulk of the lesion was usually intramuscular. Fascia, subcutis, and dermis were also frequently involved, sometimes more extensively than the muscle. Fifteen patients underwent either biopsy or resection at Children's Hospital Boston and 19 at other institutions. The series included 22 female and 12 male patients with age at initial resection ranging from 3 to 42 years (mean, 12 y). Four PHOSTs were noted at birth. Before surgery, 8 patients had undergone sclerotherapy, 5 had undergone therapeutic embolization, and 7 had received 1 or more antiangiogenic agents. Twenty patients had a clinical diagnosis of, or were suspected of having, PHTS; genetic confirmation was obtained for 16; 2 were negative; and 2 were not tested. Four other patients who did not manifest the common conditions associated with PHTS were tested for PTEN mutations: 2 had mutations, 1 had an intronic polymorphism, and 1 was negative. In the remaining 10 patients, there was insufficient information to determine whether other manifestations of PHTS were present (the majority were consultations without in-house clinical examination of the patients).
Imaging Findings
Radiographic images were available for 31 patients. Magnetic resonance imaging evaluations documented T1contrast-enhancing and T2-hyperintense, irregularly shaped vascular lesions ( Figs. 2A, B ). Most PHOSTs were primarily intramuscular with a dilated, serpiginous vascular component. Angiography showed small arteriovenous fistulae with a draining varix (disproportionate venous dilatation) ( Fig. 2C) . A variable adipocytic component, frequently bulky, was noted in many. Lesions often extended through tissues planes, sometimes disrupting the underlying cortical bone. Some PHOSTs involved contiguous or noncontiguous muscles, and at least 18% were multifocal. In some instances, it was not possible to determine whether the lesions were contiguous or multifocal. A developmental venous anomaly was found in 3 of 6 patients who had undergone a magnetic resonance imaging of the brain.
Operative Findings
On operation, the lesions were found to be hard and multilobulated. They did not have a distinct capsule but could be separated from adjacent structures with blunt dissection. They often involved the muscles and subcutaneous tissue simultaneously and typically surrounded the neurovascular structures. In the subcutis, they appeared as vascular clusters, usually having 1 or 2 nutrient arteries and a large draining vein. The clusters were connected by fibrous tissue and surrounded by abnormal darker fat.
Pathologic Findings Gross
A total of 48 PHOSTs from the 34 patients were reviewed. Excluding needle and incisional biopsies, the 34 specimens ranged in size from 1.2 to 25 cm (mean, 9.1 cm; median, 6.6 cm); 1 specimen was an amputated lower extremity. PHOSTs were unencapsulated and usually poorly demarcated from the surrounding skeletal muscle and subcutaneous fat. They consisted of a variable admixture of fat, fibrous tissue, vascular clusters, and large veins; in some, the adipocytic component was particularly prominent (Fig. 3 ). The patient with intractable pain, mass effect, and cardiac overload who required amputation had 
Histopathology
The lesions were composed of a variable admixture of adipose tissue, dense and/or myxoid fibrous tissue, and abnormal vessels involving skeletal muscle, fascia, subcutaneous fat, occasionally the dermis, and rarely bone (Fig. 4 ). The tissues appeared mature without cytologic atypia. Mitoses were uncommon, and there was no necrosis. The vascular component occupied 10% to 50% (average 30%) of the lesion and the nonvascular component 50% to 90% (average 70%). Adipose tissue was the most prevalent nonvascular component, ranging from 1% to 65% (average 35%), followed by 5% to 65% of dense fibrous tissue (average 30%) and 0% to 30% of myxoid stroma (average 5%). When the subcutis was involved, it was usually not possible to distinguish the adipocytic component from normal subcutaneous fat.
At scanning magnification, the venous blood-filled nodules were usually the most conspicuous ( Fig. 5A ). These venous structures varied from clusters of back-toback thin-walled dilated channels with absent smooth muscle mimicking pulmonary alveoli (Figs. 5B, C) to those with complex asymmetric walls having a thin to markedly thick or nodular smooth muscle coat (Figs. 5D, E).
Although the arterial component was less obvious than the venous, its morphology was characteristic. It consisted of medium-sized coiled, tortuous, or curved arteries with marked concentric intimal and/or medial smooth muscle hyperplasia, frequently arranged in clusters (Figs. 6A-D). Usually, the lumens were markedly narrowed. The arterial elastic constituent was often altered with increased or diminished lamellation ( Fig. 6E ). Occasionally, haphazardly arranged fascicles of smooth muscle without obvious connection to blood vessels were seen (Fig. 6F ). Small vessels, either dispersed or clustered, were always present. Their morphology was reminiscent of arteries or veins but was often indeterminate. The indeterminate vessels generally had relatively thick walls with a variable amount of smooth muscle and collagen (Figs. 7A, B ). Nodules of myxoid stroma containing arteries with numerous "sprouts" were characteristic (Fig. 7C) .
In some PHOSTs there were foci of closely apposed large arteries, veins, and channels with indeterminate morphology. These latter vessels had walls with muscular and elastic components that transitioned from those of the artery to the vein and were presumably direct com-munications between the 2 (Figs. 8A, B) . There was usually a vicinal component of small vessels (vide supra) and large tortuous venous or thin-walled indeterminate channels with minimal or absent elastic fibers or smooth muscle. Lymphatics were inconspicuous in the intramuscular component, except in the case of 2 lesions in which there were several clusters of abnormally dilated and thin-walled channels. In some cutaneous specimens, superficial dermal lymphatics were dilated, likely a consequence of obstruction.
Specimens with a cutaneous capillary malformation-like stain showed dermal and subdermal thin-walled dilated channels, often in clusters and sometimes accompanied by verruciform epidermal hyperplasia (Fig. 9A ). FIGURE 2. Imaging features. A, Extensive PHOST of the right thigh in a boy with BRRS. Infiltrative heterogenous lesion involving vastus medialis muscle (bent arrow) with increased arterial supply (small arrow). Less hypervascular lesion in semimembranosus and gracilis muscles (notched arrow). Note venous nodules in the subcutaneous layer of the medial thigh (large arrow) (axial fatsaturated T2-weighted MR image). B, PHOST in a patient depicted in Figure 1B showing heterogenous high-signal intensity and hypervascularity evident by enlarged arterial feeders at the periphery of the lesion (arrow) (axial T2-weighted MR image with fat saturation). C, Selective right eighth intercostal arteriogram in a lesion depicted in (B) demonstrates hypervascular mass with multiple tortuous feeding arteries (bent arrows) and intratumoral shunting into dilated veins (straight arrows). MR indicates magnetic resonance.
Only 1 patient had significant intraosseous involvement (amputation specimen), characterized by arteries, veins, and indeterminate vessels within a fibrous stroma (Fig. 9B ). Nerves were sometimes enveloped by the dense fibrous component of PHOST, and, occasionally, enlarged arteries and veins were present around and within the fascicles of the nerves themselves. Perineurial hyperplasia was sometimes seen. Three PHOSTs had abnormal nerves with periaxonal spindled cell proliferation resulting in "onion bulb" formation reminiscent of hypertrophic neuropathy or intraneural perineurioma (Fig. 9C) ; however, immunohistochemical stains were not available to distinguish between Schwann and perineurial cells. Lymphoid aggregates and/or lymphoid follicles (often with germinal centers) and also plasma cells were observed in all specimens ( Fig. 9D ). Foci of metaplastic bone, usually small, were present in 7 specimens (Fig. 9E) , and psammomatous calcifications, with or without multinucleated giant cells, were seen in 2 specimens. Immunohistochemistry D2-40 immunostaining of PHOSTs showed only occasional lymphatic channels. PTEN immunohistochemistry showed strong nuclear and cytoplasmic expression in all lesional and nonlesional cells. No clear distinction was apparent between these PHOSTs and controls (venous, arteriovenous, and lymphatic vascular malformations). Fig. 1B ). C, Reflected flap of the posterior thigh exposing vascular nodules (arrows) and fatty overgrowth in the subcutis. One nodule at higher magnification in the inset. Adjacent muscles involved by visible (arrowhead) and nonvisible PHOST under bulging surface (asterisk) (patient in Fig. 2A ). D, Amputation specimen showing PHOST diffusely involving all tissue planes by fibroadipose tissue and blood vessels (patient in Fig. 1D ). interstitial mucin. Adipocytes varied in size and occasionally had nuclear and cytoplasmic vacuoles. The left axillary mass also had small foci of dilated abnormal venous channels dispersed among the adipocytes (Fig. 10E ) or clustered in grossly visible nodules (Figs. 10C, D, and F) .
Adipocytic and Other Vascular Lesions
The adipocytes and stromal cells in these 2 lesions were immunonegative for HMGA2.
Two patients with PHOST had other vascular anomalies removed: one had a cranial dural arteriovenous fistula, and another had a small cutaneous lymphatic malformation. The well-characterized disorders in this spectrum are BRRS and CS. 26 Mutational analysis has documented germline PTEN alterations in approximately 70% of BRRS and 80% of CS patients. [34] [35] [36] 60 There is also clinical overlap between BRRS and CS with some individuals having characteristics of both. 35, 36 Identical mutations can occur in both disorders, and individuals with BRRS or CS features have been identified in the same family. 26 In some PTEN mutation-negative in-dividuals categorized as CS or CS-like, promoter mutations, promoter methylation affecting expression of the adjacent gene KILLIN, or mutations encoding mitochondrial succinate dehydrogenase B or D subunits have been identified. 4, 42, 60 BRRS (OMIM 153480) most commonly manifests as macrocephaly, developmental delay, penile lentigines, and benign lesions of primarily mesodermal origin, such as enteric ganglioneuromatous polyps, lipomas, and variously designated and not well-characterized vascular lesions. CS (OMIM 158350) is associated with multiple mucocutaneous, soft tissue, and visceral hamartomas/tumors, usually manifesting by late adolescence. 52 Mucocutaneous lesions are pathognomonic and include multiple trichilemmomas, palmar/plantar keratoses, and facial and oral papillomatoses. 26 Multiple "hamartomas," involving all germ cell layers, can occur and include gastrointestinal polyps, mammary fibrocystic disease, subcutaneous lipomatous lesions, and cerebellar dysplastic gangliocytomas (Lhermitte-Duclos disease). 26 Benign tumors include breast papillomas, thyroid adenomas, uterine leiomyomas, and subcutaneous lipomas. Individuals with BRRS and CS carry an increased risk for malignancy, particularly of breast, thyroid, endometrium, and kidney. 26 Expanding the genotype-phenotype spectrum of PHTS, individuals having inactivated germline mutations of both PTEN alleles and variant phenotypes have been reported. 6, 8 This is the situation of 1 patient in our study who was incorrectly reported as having Proteus-like syndrome. 59 PHTS is associated with "vascular" lesions primarily in soft tissue and skin and also in bone, viscera, and the central nervous system. Various designations have been used to describe them, including hemangioma, 17, 19, 22, 25, 30, 37, 49 cavernous hemangioma, 10 hemangioma/ arteriovenous malformation, 56 arteriovenous malformation, 2, 6, 13, 14, 22, 30, 40, 46, 51, 55, 60 vascular malformation, 14 fibrovascular hamartoma, 44 angiokeratoma, 10 lymphangioma, 2 lymphatic malformation, 6 lymphangiokeratoma, 13 lymphangioma/lymphangiomyoma/lymphangioleiomyoma, 31 admixed hemangioma/angiolipoma, 31 lipolymphangiohemangiomas, 2 hamartoma with lipomatous hemangiomatous and lymphangiomatous components, 10 and complex vascular malformation with lipomatous cavernous and capillary hemangiomatous components. 37 However, it is difficult to fully assess their characteristics, as the majority lack histopathologic documentation and as the few cases with illustrations contain only 1 or 2 photomicrographs. 2, 19, 31, 49, 59 We characterized a distinctive soft tissue lesion highly associated with PHTS and termed it PHOST. More than one half of the patients were clinically diagnosed or suspected to have either BRRS or CS, and a germline PTEN mutation was present in 85% of them. In most of the remaining patients, clinical information was insufficient to assess for all possible manifestations of these disorders. In 2007, we reported the clinical and imaging features of 27 patients with confirmed PTEN mutation; vascular anomalies, predominately fast flow, were identified in 56% of them (86% intramuscular). 53 PHOST is an overgrowth of mingled soft tissue elements, primarily adipose, dense, and myxoid fibrous tissues and abnormal blood vessels of various types.
Although 1 or more of these elements are found in other vascular anomalies, it is their combination and unusual morphology that makes PHOST distinct. A lymphoid Fig. 1D ). C, Proliferation of periaxonal spindled cells in nerve imparting onion bulb appearance reminiscent of hypertrophic neuropathy or intraneural perineurioma. Inset depicts onion bulb appearance at high magnification. D, Lymphoid aggregates and follicles within adipose tissue and skeletal muscle. E, Island of lamellar and woven bone. Although we have termed PHOST a "hamartoma," disproportionate growth relative to the patient might not be included in the most stringent definition of hamartoma. In the absence of clonality studies it remains speculative whether PHOST should be considered a hamartoma or a benign neoplasm.
The histopathologic complexity of PHOST is reflected by the various diagnoses rendered at other institutions for cases submitted for consultation. These were: intramuscular or fibrous "hemangioma" (n = 10), "angiomatosis" (n = 4), arteriovenous malformation (n = 3), and nondefinitive (n = 2). The differential diagnosis of PHOST includes arteriovenous, venous, and other vascular anomalies. 18 In arteriovenous malformation, the abnormal arteries, veins, and indeterminate vessels are usually intermixed with less nodular segregation; the arteries are not as coiled or tortuous; their lumens are not as narrowed; muscular hyperplasia is generally confined to the media; and the characteristic nodular venous clusters are lacking. Extensive involvement of a limb by PHOST may raise the possibility of Parkes Weber syndrome. In this fast-flow disorder, there is congenital skeletal and muscular overgrowth of an entire limb with diffuse pink macular cutaneous staining. The imaging and histopathology are that of a diffuse arteriovenous malformation. 39 In typical venous malformation, the most common intramuscular vascular anomaly, abnormal thin-walled and thick-walled veins, sometimes with a nodular distribution, are present; however, abnormal arteries are absent. 23 Some venous malformations, so-called ossified intramuscular hemangioma, have abundant bone formation; however, they lack other characteristics of PHOST. 11 Adipocytic and fibrous components in arteriovenous and venous malformations are seen, but usually, in contrast to PHOST, they are minor. However, a subset of intramuscular malformations have some similarities to PHOST with prominent fibroadipocytic overgrowth, clusters of abnormal veins, and even rare foci of abnormal arteries in occasional specimens, but they lack the diffuse indeterminate vascular component. These lesions, most commonly occurring in the calf, are accompanied by pain and contracture, and have been termed "fibroadipose vascular anomaly" (personal communication, Dr. Ahmad Alomari). The 3 types of intramuscular "hemangiomas" described by Allen and Enzinger may be considered in the differential diagnosis of PHOST. The "small-vessel" type has characteristic lobules of small vessels with capillary morphology that do not occur in PHOST. We are of the opinion that the "large-vessel" and "mixed" types are venous malformations, although some might be PHOST (vide infra). 1 Lymphatic malformations are rarely intramuscular and usually have thinner walls, contain proteinaceous material, lymphocytes, a few macrophages, and generally no blood. An increase in fibroadipose tissue and lymphoid aggregates or follicles is frequently seen, but abnormal arterial or venous components are absent. The clinical and imaging picture is distinct in Klippel-Trenaunay syndrome, the combined capillary-lymphatic-venous malformation. 39 The capillary component typically lies along the lateral aspect of the leg in the distribution of the anomalous vein of Servelle. Histopathologically, the large veins with irregular smooth muscle hyperplasia may mimic the venous component of PHOST; however, the cutaneous and subcutaneous lymphatic component is dominant in Klippel-Trenaunay syndrome, the subcutaneous fibroadipose tissue overgrowth is diffuse and usually uniform, the skeletal muscle is almost never involved, and there is no abnormal arterial component. Enlarged feeding arteries and draining veins of congenital or infantile hemangioma may bear a superficial resemblance to PHOST, but they present at birth or early infancy, respectively, and have characteristic capillary lobules and are virtually never intramuscular. 5, 12 We have encountered case reports as well as cases in large series of intramuscular or soft tissue vascular lesions that are reminiscent of PHOST. Some lesions reported as "infiltrating angiolipoma" of muscle and soft tissue, intramuscular hemangioma, complex vascular malformation, and angiomatosis could in fact be PHOST. 1, 3, 16, 28, 48, 54 The adipocytic lesions that commonly occur in PTHS deserve comment. 2, 21, 26 They can be single or multiple, encapsulated or infiltrative, some reaching extraordinary prominence. Although some are composed exclusively of adipocytes and are called lipoma, others contain a minor vascular component, described as angiomatous, lymphangiomatous, and lymphangiomyomatous. 2, 31 The illustrations of the angiomatous component in these reports are similar to those of the venous component of PHOST. One patient in our study also had a "lipoma" with abnormal venous clusters similar to those in PHOST. This combination of components is another manifestation of the connective tissue overgrowths in PTHS and probably contributes to the diverse terminology applied to these lesions. In contrast to ordinary lipomas, which are immunopositive for HMGA2, the resected lipomatous lesions depicted in Figure 10 were negative, indicating a different pathogenesis. 9 Thus, PHOST is only one of several vascular anomalies and connective tissue overgrowths that occur in PTHS, some of which have >1 tissue type. PHOST, however, is the most complex, and its diverse constitutive elements allow its recognition. The possibility exists that purely or almost exclusively adipocytic lesions in PTHS are at 1 end of the spectrum of PHOST. Additional vascular lesions encountered by us in patients with PTHS were arteriovenous fistula and lymphatic malformation. Perhaps the arteriovenous fistula is also a restricted expression of PHOST.
The role of PTEN mutations in the development of PHOST is not fully understood. PTEN encodes a dualspecificity phosphatase that antagonizes the action of phosphatidylinositol 3-kinase (PI3K), thereby providing the central negative regulation of the PI3K/AKT signaling pathway. This ubiquitous pathway influences basic cellular functions, including cell cycle progression, cell growth, survival, and migration. 45, 50 Thus, PTEN functions as a classical tumor suppressor gene with somatic loss or inactivation in many sporadic malignancies. Patients with germline PTEN mutations are predisposed to malignancies, are predominantly epithelial, and also mesenchymal and hematopoietic. 7 PTEN affects cell growth and/or migration of the various components of PHOST. 15, 20, 24, 29, 38, 41, 47, 57, 58, 61 A loss of PTEN-mediated regulation provides a plausible mechanism for the formation of PHOST. It is unclear whether hemizygosity is sufficient or whether a "secondhit" is required for the development of PHOST. As in normal tissue controls, we found that all PHOST expressed PTEN by immunohistochemistry, suggesting hemizygosity. However, as many patients have mutations resulting in an expression of an abnormal PTEN, 45 immunohistochemistry lacks sensitivity to detect biallelic inactivation. PTEN loss from biallelic mosaicism has been documented in the soft tissue overgrowth lesions in a subset of PHTS. 6, 8, 59 This is analogous to the biallelic loss of TSC in tuberous sclerosis, which also results in upregulation of the AKT/mTOR pathway and appears necessary for hamartoma formation in this syndrome. 33, 43 It is important to recognize PHOST because of its association with PTHS. The clinical manifestations of PTHS may not be readily apparent, and PHOST may be the initial presentation. Histopathologic recognition of PHOST should prompt a detailed clinical evaluation, including family history, and possible genetic testing for a PTEN mutation.
